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OPTICAL FIBER FOR IMPROVED PERFORMANCE IN S-, C- AND L-BANDS 
Technical Field 

[00011 The present invention relates to optical transmission fiber suitable to 

5 support distributed Raman amplification and, more particularly, to optical fiber exhibiting 
operating parameters compatible with generating Raman ampUfication in the S-band 
transmission region. 

Background of the Invention 

1 0 [0002] As a result of the tremendous and continuous increase in data-intensive 

applications, the demand for bandwidth in communication systems has been ever- 
increasing. In response; the installed capacity of telecommunications operations has been 
largely supplanted by optical fibers that provide a significant bandwidth enhancement 
over the traditional copper wire-based systems. 

1 5 [0003] To exploit the bandwidth of optical fibers, two key technologies have been 

developed and used in the telecommunications industry: optical amplifiers and 
wavelength division multiplexers (WDMs). Optical amplifiers boost the signal strength 
and compensate for inherent fiber loss and other splitting and insertion losses. WDMs 
enable different wavelengths of light to carry different signals in parallel over the same 

20 fiber. In most WDM systems there is a trade-off between the number of channels the 
system accommodates and the separation between adjacent channels. Higher bit rates 
generally call for an increase in channel spacing. Both goals favor a wide operating 
spectrum, that is, a wide range in operating wavelengths. 

[0004] Moreover, it is important to have uniform gain over the entire operating 

25 spectrum of WDM optical communication systems. This objective becomes more 

difficult to reach as the operating wavelength is extended to shorter wavelengths (S-band 
systems, wavelengths fi-om 1460 - 1530 nm), where conventional amplification 
techniques based on erbium-doped fiber amplifiers are unavailable. New types of optical 
fiber amplifiers have been developed that operate using stimulated Raman scattering. 
30 The most prominent of these is a distributed amplifier that operates over the normal 

transmission span as a traveling wave ampHfier. Raman scattering is a process by which 
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light incident on a medium is converted to light at a lower frequency (Stokes case) than 
the incident light. An optical pump source is used, where the pump photons excite the 
molecular vibrations of the optical medium up to a virtual level (non-resonant state). The 
molecular state quickly decays to a lower energy level, emitting a signal photon in the 
5 process Since the pump photon is excited to a virtual level, Raman gain can occur for a 
pump source at any wavelength, including the S-band (as defined above) and L-band 
(wavelengths approximately 1565 - 1625 nm). The difference in energy between the 
pump and signal photons is dissipated by the molecular vibrations of the host material. 
These vibrational levels determine the frequency shift and shape of the Raman gain 
10 curv'e. The frequency (or wavelength) difference between the pump and the signal 

photon is thus defined as the Stokes shift. The maximum Raman gain occurs at a Stokes 
shift of 13.4 THz (i.e., 13.4 x 10*^ Hz), which is approximately 100 nm from Raman 
pumps in the optical communications window, 

[0005] Since Raman scattering can occur at any wavelength, this phenomenon 

15 can be exploited to advantage in a telecommunication system that contains multiple 
signal wavelengths by using Raman pump sources at several different wavelengths to 
amplify the information signals. The gain seen by a given information signal wavelength 
is therefore the superposition of the gain elements provided by all of the pumps, taking 
into accoimt the transfer of energy between the pumps themselves due to Raman 
20 scattering. By properly weighting the power provided at each of the Raman pump 
wavelengths, it is possible to obtain a signal gain versus wavelength profile in which 
there is a small difference between the gain seen by different information signal 
wavelengths (where this difference is termed "gain ripple" or "gain flatness"). The use of 
Raman amplification with multiple pumps thus enables dense WDM technology to be 
25 responsible for the evolution from 10 to 40 Gb/s transmission, since it improves the 
optical signal-to-noise ratio (OSNR) at lower launch powers. 

[0006] One persistent problem with the use of multiple pumps is the unwanted 

nonlinear effect referred to as four-wave mixing (FWM). In general, if two intense 
waves (e.g., a Raman pump and an information signal, or two Raman pumps) imdergo 
30 four-wave mixing, they will generate two new frequency components such that all four 
waves will be equally spaced in frequency. It has been found that the strength of this 
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unwanted effect can be significantly reduced by increasing the fiber dispersion at the 
mixing wavelengths (see, for example, US Patent 5,327,516 issued to A. R. Chraplyvy et 
al. describing the use of non-zero dispersion to suppress FWM between multiple signals). 
By adjusting the location of the zero dispersion wavelength (hence, the waveguide 
5 dispersion) of the fiber, FWM can be controlled and, in many cases, essentially 

eliminated. In general, it is desirable to have the "zero" of dispersion at a wavelength 
shorter than the shortest wavelength pump, so that the dispersion is greater than 
approximately 1 ps/km-nm over the entire region of Raman pumps and information 
signals. The precise dispersion value required depends on the fiber effective area and 

10 signal channel spacing, as v/ell as other system design details= 

[0007] The inefficiency problems associated with Raman amplification have been 

foxmd to be particularly severe for S-band Raman amplification, where one or more 
pumps needs to be very close to, or even on top of, the 1385 nm "water peak" to make 
use of the fiiU S-band (since the Raman pump is generally lOOnm lower than the 

15 information signal wavelength). The well-known water peak at 1385 nm is defined as the 
optical loss at this wavelength as a function of the water remaining in the glass. The 
more water that is present, the higher the loss. Accordingly, hydroxyl-ion absorption is 
fi-equently referred to as "water" absorption, and arises from lightwave energy being 
absorbed by the OH ion at wavelengths that are related to its different vibration modes. 

20 For example, the two fimdamental vibrations of this ion occur at 2730 and 6250 nm, 
corresponding to its stretching and bending motions, respectively. Nevertheless, 
overtones and combination vibrations strongly influence the loss in the near infrared and 
visible wavelength regions. In particular, as mentioned above, the overtone at 1385 nm 
resides in the heart of region required for S-band Raman amplification. Indeed, 

25 concentrations of OH in the fiber core as low as one part per million (ppm) have been 
found to causes losses as high as 65 dB/km at 1385 nm. It is desirable to reduce this OH 
concentration to a level such that the overall optical loss at 1385 nm is at least 
comparable to the overall optical loss at, for example, 1310 nm (approximately 0.325 
dB/km for matched clad fiber). It is currently commercially feasible to maintain the OH 

30 concentration at substantially less than one part per billion (ppb), particularly if VAD 
processing is used to make the core. However, the more complex the index profile 
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becomes beyond simple matched clad designs, the more difficult it becomes to keep the 
OH concentration consistently below the sub-ppb level. 

[0008] As mentioned above, Raman pumps are placed approximately 100 nm 

below (to the "blue" side of) the signal wavelength. As a result, operation in the lower 
5 two-thirds of the S-band suffers greatly from the presence of the water peak attenuation 
centered at 1385 nm. In particular, the Raman gain in the S-band (using one first-order 
pump) can be expressed as: 

G = exp(CR*Ppunip*LefT), whcrc 

Leff ~" [l"^Xp('0^ump*Lspan)]/ O^pumpj 

10 Cr is defined as the Raman gain coefficient and apump is the loss at the pump wavelength. 
It is possible to compensate for fiber loss simply by raising the Raman pump power, if 
the goal is only to match the span Raman gain. This, however, may increase the cost of 
Raman pumping, as well as increase the heat dissipation load. Furthermore, if two spans 
with differing fiber loss are pumped to equal Raman gain, the span with higher loss will 

15 suffer more degradation of optical signal to noise ratio (OSNR) than the span with lower 
loss. Thus, higher fiber loss will either impair transmission performance or add system 
cost. In addition, variability in pump region loss is a severe problem for system 
engineers, since it is not known a priori what the loss (and thus the Raman gain) will be 
for a deployed fiber span. 

20 [0009] Since it will be desirable, in fiiture systems, to use Raman ampUfication in 

the S-band of optical signal transmission, it is necessary to develop a set of fiber 
parameters that overcome the problems of FWM and water peak attenuation in the short 
wavelength S-band regime. 

25 Summary of the Invention 

[0010] The need remaining in the prior art is addressed by the present invention, 

which relates to optical transmission fiber suitable to support distributed Raman 
amplification and, more particularly, to optical fiber exhibiting operating parameters 
compatible with generating Raman amplification in the S-band transmission region. 

30 [0011] In particular, an optical fiber of the present invention is defined by the 

following characteristics: 
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water peak loss (WPL) at 1385 nm less than 0.4 dB/km in all cases, and in 
particular maintained less than or equal to 0.325 dB/km by fabricating the core region 
using VAD or OVD processes; 

zero dispersion wavelength (ZDW) less than or equal to 1355 nm (only one ZDW 
5 across entire transmission band from 13 10 to 1625 nm); and 

chromatic dispersion (D) greater than 1 ps/nm-km at 1375 nm and less than 10 
ps/nm-km at 1565 nm. 

[0012] This set of characteristics represents fibers designed for distributed Raman 

amplification in the S-band, while also providing amplification in the traditional C-band 
10 and the longer wavelength L-band. Thus, a fiber formed in accordance with the present 
invention may be termed an "SCL band" fiber. 

[0013] A variety of optical fiber refractive index profiles and processing 

techniques may be used to produce the above-defined transmission characteristics. The 
low water peak loss requirement is fiilfiUed in one embodiment of the present invention 

15 by making the inner core region using a vapor-assisted deposition (VAD) process. The 
outer core region is made using a modified chemical vapor deposition (MCVD) process, 
formed as an overcladded tube. The two regions are then mated in a chlorine atmosphere 
(or other suitable atmosphere) to form an ultra-dry interface, resulting in a water peak 
loss of approximately 0.3 1 dB/km using the VAD process. This composite core rod is 

20 then overclad with one or more synthetic silica tubes, taking care to prepare and maintain 
very dry interfaces. 

[0014] Other and fiuther aspects of the present invention will become apparent 

during the course of the following discussion and by reference to the accompanying 
drawings. 

25 

Brief Description of the Drawings 

[0015] Referring now to the drawings, 

[0016] FIG. 1 contains a simplified drawing of an optical communication system 

capable of supporting Raman amplification in the S-band transmission regime in 
30 accordance with the present invention; 
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[0017] FIG. 2 is a graph depicting the three useable transmission bands (S-, C- 

and L-), illustrating the nominal dispersion (ps/nm-km) as a function of wavelength; 
[0018] FIG. 3 shows fiber loss curves for an NZDF fiber with varying degrees of 

water peak at 1385 nm, superimposing the location of Raman pumps for first-order 

5 pumping in the S-band, as well as second-order pumping in the extended L-band; 

[0019] FIG. 4 illustrates first- and second-order Raman pumping configurations 

in which a Raman pump must be placed in immediate proximity to the water peak; 
[0020] FIG. 5 displays results of a calculation of the signal power in a Raman 

amplified, S-band single channel system, where the Raman pump is placed at 1395 nm to 

1 0 support operation in the vicinity of 1 495 nm; 

[0021] FIG. 6 depicts the signal power evolution in the case of second-order 

Raman pumping for signal transmission in the L-band near 1580 nm; 
[0022] FIG. 7 illustrates the profile of a first optical fiber formed to exhibit the 

characteristics of the present invention, the dispersion curve for this fiber shown as curve 

15 C in FIG. 2; 

[0023] FIG. 8 illustrates the profile of a second optical fiber, also suitable to 

support Raman amplification in the S-band transmission region, the dispersion curve for 
this fiber shown as curve D in FIG. 2; 

[0024] FIG. 9 illustrates the profile of a third optical fiber according to the present 

20 invention, the third fiber having a dispersion curve essentially identical to that of the 
profile associated with FIG. 7, but with a larger effective area; and 
[0025] FIG. 1 0 depicts the two separate preform sections that may be used to 

form the optical fiber of the present invention. 

25 Detailed Description 

[0026] An optical fiber communication system 10 suitable for using the 

transmission fiber 12 of the present invention is illustrated in FIG. 1 . hi the particular 
arrangement of FIG. 1, transmission fiber 12 is formed as a distributed amplifier, 
dedicated to providing both transmission and ampUfication of an appUed optical 

30 information signal I firom a signal source, such as an optical transmitter 14. The length of 
transmission fiber 12 is typically at least 500 m, so as to allow for the optical interactions 
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that produce Raman amplification to occur. In the particular arrangement of 
communication system 10, the amplifier is counter-pumped, with a Raman source 16 
coupled into the core of transmission fiber 12 through a coupler 18, as shown. A 
dispersion compensation module 20, as discussed below, is disposed in the signal path 

5 between the output of transmission fiber 12 and an optical receiver 22. It is to be 

understood that this particular embodiment is exemplary only, and an arrangement using 
both a co-pumped Raman source (or sources) and a plurality of separate counter-pumped 
Raman sources may be used, particularly in dense WDM (DWDM) systems. Raman 
amplification may also be used in conjunction with erbium-doped fiber amplifiers 

10 (EDFAs) for optimum, performance in certain applications. As described in general 
above and as will be discussed in detail below, the "water peak" comprises at least five 
sub-peaks, where the actual shape of the curve depends on the method of manufacture as 
well as how much hydroxyl is in the pure silica regions compared to the doped silica 
regions. As a results, the center of the water peak is cited in the fiber literature at various 

15 wavelengths ranging between 1380 and 1390 nm. For the purposes of the present 

discussion, a value of 1385 will be used as a definition of the "center" for the water peak 
in general. It is to be understood, however, that the teachings of the present invention are 
generally applicable to the above-mentioned complete range of 1380 - 1390 nm. 
[0027] It has been noted that the particular dispersion vs. wavelength curve of an 

20 optical fiber design determines whether or not Raman amplification is readily supported 
over a desired band, as well as how precisely chromatic dispersion can be compensated 
over a wide wavelength band. FIG. 2 contains a graph of dispersion vs. wavelength for 
two different prior art fiber designs, as well as two fibers formed in accordance with the 
present invention. In particular, curves A and B illustrate the characteristics of two 

25 conventional prior art fibers, the TrueWave® REACH fiber (curve A) and the TrueWave® 
Reduced Sloped (RS) fiber (curve B). As shown, both of these fibers exhibit a negative 
dispersion value in the region required to generate a pump signal for S-band 
amplification. As shown, fiber A is impaired for Raman pumping for signal 
amplification near 1385 nm in the lower S-band by the presence of the ZDW near 1385 

30 nm, and fiber B is impaired for both Raman pumping of C-band signals as well as signal 
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propagation in the lower S-band by the presence of ZDW near 1460 nm. Therefore, 
neither fiber A nor fiber B fiiUy qualifies as an SCL band fiber. 
[0028] In order to suppress pump-pump FWM, the absolute value of dispersion 

should be approximately greater than 1 ps/nm-km; a similar condition is widely accepted 
5 as necessary to avoid signal-signal FWM in DWDM. In order to avoid pump-signal 
FWM, it is known that the ZDW should not be located approximately equally spaced 
between the pumps and the signals. Together, these conditions imply that the ideal ZDW 
for an SCL band fiber will be located either shorter than the shortest pump wavelength or 
longer than the longest signal wavelength. Therefore, for an SCL fiber, the ZDW should 
10 be less than about 1360 nm or greater than 1620 nm. It is possible to design a Raman 
system around a poorly-placed ZDW, but at the cost of complexity or expense in the 
system design, or sub-optimal gain flattening. 

[0029] Fibers formed in accordance with the present invention, defined by curves 

C and D in FIG. 2, exhibit both of these requirements: a dispersion of greater than +1 
15 ps/nm-km at 1385 nm, and a ZDW of approximately 1350 nm. As shown, the dispersion 
value for fibers C and D is greater than 1 at 1375 nm, while less than 10 ps/nm-km for 
wavelengths greater than 1565 nm. 

[0030] Such a fiber formed in accordance with the present invention, in 

conjunction with appropriate dispersion compensation modules, will enable and support 

20 40 Gb/s transmission and/or ultra-long haul transmission with Raman or hybrid 

Raman/EDFA ampUfication. In developing an appropriate dispersion compensation 
module, a relevant and usefiil parameter is the ratio of the dispersion slope (measured in 
ps/nm^-km) to the dispersion at the central wavelength of the signal band (hereinafter 
referred to as the "relative dispersion slope" or RDS). If the RDS of the transmission 

25 fiber is equal to the RDS of a negative dispersion compensating fiber (as found in a 
compensation module), then precise cancellation of dispersion can be achieved over a 
wide range (e.g., ± 15 to 20 rmi). It has also been found that the match between a 
transmission fiber and dispersion compensating fiber with lower RDS will be generally 
superior to a combination of a transmission fiber and dispersion compensating fiber with 

30 higher RDS. A fiber formed in accordance with the present invention will have an RDS 
lower than 0.004/nm. Dispersion compensation modules formed to match standard 
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matched clad fiber, or slight modifications thereof, have an RDS in the range 0.0023/mn 
to 0.0036/nm and will thus yield very low residual dispersion, suitable for 10 and 40 Gb/s 
long haul transmission when paired with a fiber formed according to the present 
invention. 

5 [0031] FIG. 3 shows fiber loss curves for a non-zero dispersion fiber (NZDF) 

with varying degrees of water peak at 1385 nm, superimposing the location of the Raman 
pumps for first-order Raman pumping in the S-band and second-order Raman pumping in 
the extended L-band and upper C-band. Non-zero dispersion fibers, such as proposed 
here, have a higher Ge02 content in the core than matched clad fibers, as well as a 

1 0 juxtaposition of multiple layers of doped m.aterial, thereby presenting more opportunities 
for stress and irregularities at the interfaces. These have the impact of raising the 
background loss (generally termed Rayleigh scattering), which varies as X"^. For this 
reason, NZDF fibers typically have higher background loss in the water peak region than 
matched clad fibers. An asymmetric Lorentzian curve is used to model in the water peak 

15 in FIG. 3, where the curve is actually a composite of multiple sub-peaks. Water peaks (at 
1385 nm) of height 0.3, 0.35, 0.4, 0.35 and 0.5 dB/km are shown in FIG. 3. Associated 
losses at neighboring wavelengths relevant to the subsequent discussion are shown below 
in Table 1. The lowest curve represents an OH loss approximately 10 mdB/km above the 
Rayleigh scattering baseline and can be considered as a nominal "zero water peak" 

20 NZDF silica fiber, whose core index is in the range of 0.4 to 0.5%A. Individual fibers 
exhibiting a lower Rayleigh coefficient may have water peak loses as low as 0.29 dB/km 
at 1385 nm. 
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Table I - Attenuation in Water Peak Region 



9 



Jablonowski 6-1 1-3-2 



[0032] The deleterious effects of water peak attenuation on S-band amplification 

can be shown by considering two exemplary cases, as shown in FIG. 4, which illustrates 
first- and second-order Raman pumping configurations in which a Raman pump must be 
placed in immediate proximity to the water peak. Case (a) illustrates a first-order, single 
pump, narrow-band pump scheme, while case (b) illustrates a first-order, dual pump 
scheme for flat gain over a broader wavelength gain region. Raman pumps for broad, flat 
gain are typically spaced 15 to 20 nm apart, necessitating that fiiU use of the lower S band 
requires two Raman pumps straddling the water peak. Case (c) is a second-order pumped 
R.aman architecture for transmission in the L-band. It is to be understood that water peak 
loss and its variability impact the consistency of Raman gain, the average pump power 
required to achieve target Raman gain, and the OSNR of the amplifier. 
[0033] First, consider the Raman gain variability due to simple variability in the 

pump region attenuation fi-om fiber to fiber within a nianufacturing distribution. A 
typical span for terrestrial transmission is approximately 100 km, built up fi-om 
concatenated cable segments approximately 4 to 5 km in length. Thus, 20 to 25 fibers 
with 20-25 different loss values may be sampled in any given span. This averaging helps 
reduce the impact of variability in typical fiber transmission properties such as 
dispersion, mode field, or loss. However, Raman gain is only significant over several 
times the effective length for nonlinear interactions, which decreases with increasing loss 
as Leff=[l-exp(-apumpLspan)]/apump. For pump region loss between 0.3 and 0.5 dB/km, the 
effective length varies between 15km and 9 km, respectively. Thus, the distributed 
Raman amplifier effectively comprises only four to six separate fibers, with the result that 
the effect of loss variation on Raman gain variation is a significant problem for the 
system design engineer. 

[0034] The Raman gain (which may also be referred to as the "on-off gain), can 

be expressed as G=exp(CR*Ppump*Leff) for the case of counter-pumping as shown in FIG, 
1. For water peaks of 0.3, 0.4 and 0.5 dB/km, and a single 540 mW pump at 1395 nm (as 
shown in case (a) in FIG. 4), the values of Raman gain G at 1490 nm are 22.0, 17.4, and 
14.5 dB, respectively. This is a range of 7.5 dB, which is over a factor of five times 
variation in Raman gain. Such gain variation cannot be tolerated in practice, and the 
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pump powers in a Raman span would be adjusted upon installation to achieve an actual 
gain within the conventional system engineering rules. Holding the water peak loss at 
1385 nm to less than 0.4 dB/km will reduce the cost penalty associated with loss 
variability in the Raman pumping region for S-band systems, which can be understood 
5 from the following description. 

[0035] A single pump, narrow band configuration may require up to (or greater 

than) 500mW pump power, which would most likely be supplied by a fiber laser source. 
However, it is more desirable to pump wider band Raman systems with low-noise laser 
diodes. Commercial low-noise laser diodes have output powers ranging from 200 to 

10 350mW, and are available in gradations of 50 to 80mW of output power. A very broad 
band Raman system (e.g., converting the entire C and L bands) could require as many as 
five to six pumps, between 50 and 200mW each. A moderate band system might 
comprise two to three pumps of 100 to 300mW output power. In general, the shortest 
wavelength pump will require two to three times the power of the other system pumps. 

1 5 To reduce cost, the smallest laser diode capable of handling the range of output powers 
required to compensate for fiber loss variability expected in the field would be used. For 
a water peak between 0.3 and 0.4 dB/km, the loss at 1395 nm varies by 25%, requiring 
pump power to be adjustable by 25% to achieve a targeted Raman gain. For a 0.3 to 0.5 
dB/km range in water peak, a margin of 50% pump power would be required at 1395 nm. 

20 While averaging over four to six fibers comprising the Raman effective length will aid in 
mitigating this problem, it is clear that a water peak upper limit of 0.4 dB/km (and 
perhaps even lower, such as 0.325 dB/km) will greatly increase the likelihood that the 
lowest power (and thus smallest footprint) laser diodes can be specified in a transmission 
system to reduce cost of Raman pumping. 

25 [0036] To illustrate the impact of loss on amplifier performance, it is useful to 

consider the evolution of signal power in a Raman amplified span. The trade-off between 
OSNR, pump power and fiber loss can be xmderstood by analyzing the curves for 
representative cases. FIG. 3 illustrates the spectral loss curve of an NZDF fiber and 
Raman pump placement relevant to S-band operation with first-order pumping and 

30 extended L-band operation with second-order pumping. These two schemes both require 
placing Raman pumps very close to the water peak. The impact of differing water peak 
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loss on the evolution of signal power along a 100 km span is shown in FIG. 5 for the case 
of a single Raman pump at 1395 nm for signals in the S-band near 1490 nm (case (a) of 
FIG. 4). Counter-pumping is also considered, where the Raman power is injected 
backward from the end of a span, as shown in FIG. 1, resulting in gain in the latter half of 
the span. In both cases, the distributed Raman gain of the span is designed to be equal to 
the total span loss of 22 dB. This design requires 540 mW of pump power at 1395 nm for 
the case of 0.50 dB/km water peak, and 820 mW of pump power for the case of 0.30 
dB/km water peak. Although the Raman gains are equal, the minimum signal powers 
along the span differ by 2.3 dB, being lower in the case of higher pump attenuation. Li 
the lower loss case, the Raman gain is often said to "penetrate further into the span", as 
shown by the fact that the signal minimum power occurs about 6 km earlier in the span 
than for the higher loss case. 

[0037] These visual observations are directly related to the achieved OSNR. It 

has been shown that the difference in minimum signal power along the span in decibels 
(dB) is approximately equal to the difference in OSNR in dB. A non-rigorous 
explanation for the correlation between minimum signal power and OSNR can be found 
in the intuitive idea that more noise is generated while restoring a weaker signal to its 
original power level than in restoring a stronger signal. As noted, the minimum signal 
power for the lower pump loss Raman case is 2.3 dB greater (i.e., more desirable) than 
for the higher pump loss case. However, even the less favorable Raman case has 5.3 dB 
greater minimum signal power along the span than for no Raman amplification, hi 
lumped amphfication (as with an EDFA), the signal power drops by the total span loss 
(22 dB for the exemplary case shown in FIG. 5, curve labeled 'No Raman gain') and then 
undergoes rapid amplification over a short section of high gain erbium-doped fiber. In a 
Raman amplifier the gain per unit length is lower than for an EDFA but is distributed 
over a significant percentage of the transmission distance, so that the optical power in the 
fiber reaches a minimum mid-span and then begins to increase. 
[0038] The distance over which significant Raman amplification occurs is 

quantified by the effective length parameter, defined as Lef!=(l-exp(-apump*Lspan))/otpump. 
A longer effective length means a greater degree of distributed amplification and results 
in a higher minimum signal power and a greater performance benefit through improved 
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OSNR. A detailed understanding of the correlation between minimum signal power and 
improved OSNR requires the solution of differential equations describing the build-up of 
amplified spontaneous emission (ASE) in the amplifier. However, the physics can be 
summarized as follows: ASE refers to noise that is generated in the presence of gain, 
5 which is added to the signal being amplified. Most ASE power at the output of an 
amplifier comes firom the ASE which is generated near the input of gain medium and 
then amphfied exponentially along the remainder of the gain mediimi. In a lumped 
amplifier such as an EDFA, ASE is added to the signal over a very short distance (i.e., 
tens of meters) in a high gain per unit length ampUfier fiber and the ASE itself 

10 experiences practically no fiber loss. In the case of a distributed amplifier, ASE builds up 
more slowly in the presence of a lower gain per unit length so that it does experience the 
same attenuation as the signal itself Therefore, ASE generated early in the span (in the 
range of 70 to 75 km for the cases of FIG. 5) will suffer fiber loss over 20 to 25 km in 
addition to being amplified by Raman gain. This reduces the exponential gain 

1 5 experienced by the ASE generated early in the ampHfier, resulting in lower total ASE 
power and better OSNR. 

[0039] Thus, it can be seen that the minimum signal power in the span, the 

distance into the span at which the minimum occurs, the total ASE generated, and the 
resultant OSNR are all related. Optimum performance is obtained for the longest 

20 effective length, which requires minimum fiber loss at the Raman pump wavelengths. 

While the reduction in net Raman gain due to stronger pump attenuation can be covmtered 
by raising pump power, the deleterious impact of high attenuation near the water peak on 
OSNR cannot be mitigated. The OSNR for the case Opurnp = 0.50 dB/km will be 
approximately 2.3 dB worse than for the case ttpump = 0.30 dB/km, in spite of the fact that 

25 Raman gains are adjusted to be equal. Furthermore, greater cost may be incurred in 
Raman pumping, and higher heat dissipation load on the associated packaging will 
invariably result. 

[0040] The above-described case (a) of FIG. 2 considers a single Raman pump. 

For wideband systems, it is typical to use multiple Raman pumps, spaced 15 to 20 imi 
30 apart, with exact wavelengths chosen to achieve flat gain profile. To operate in the lower 
S-band (1460 to 1500 nm), it is not possible to avoid placing Raman pumps very close to 
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the water peak. Case (b) as shown in FIG. 4 illustrates that Raman pumps placed at 1375 
and 1395 nm will experience approximately equal attenuation (see Table I), at the levels 
used in the calculation of FIG. 5. The deleterious impact on OSNR calculated above will 
be mitigated somewhat by the fact that the Raman gain in the region of 1490 nm will 
5 actually contain contributions from both Raman pumps near the water peak (experiencing 
higher loss with less penetration into the span), as well as from Raman pumps away from 
the water peak (penetrating farther into the span). However, the additional problem of 
Raman gain tilt, whereby a Raman pump at a lower wavelength loses energy to a Raman 
pump at a higher wavelength, occurs in broadband Raman schemes. This further 

10 penalizes performance in the lower channels and adds emphasis to the need to minimize 
pump loss near the water peak for a variety of Raman pumping cases. 
[0041] An additional example can be found in the case of second-order Raman 

pumping for amplification in the L-band (case (c) of FIG. 4). The second-order pumping 
paradigm uses an additional, lower wavelength Raman pump to ampHfy the Raman 

15 pump, extending the first-order scheme as diagrammed in FIG. 1 . The basic advantage is 
that Raman gain penetrates farther into the span, leading to fiirther benefit in OSNR. 
However, higher Raman pump powers are required. In the exemplary calculation, a 
second-order Raman pump is placed at 1375 nm, the first-order pump at 1475 nm, for 
amplifying signals in the range of 1580 nm. Such a single second-order pump, plus the 

20 single first-order pump configuration has been used in the literature to achieve the same 
gain flatness over a bandwidth of 30 nm as achieved by three first-order pumps. The 
total pump powers (first-order and second-order) required to achieve 15 dB of Raman 
gain are 703, 771, 841 and 973 mW for water peaks of, respectively, 0.3, 0.4, 0.5 and 0.7 
dB/km. The power evolution curves are shown in FIG. 6. 

25 [0042] Several important points are to be noted. First, the minimum power in the 

span varies by over 1 dB, corresponding to approximately 1 dB deterioration of OSNR 
from the case of 0.3 dB/km to 0.7 dB/km water peak height. This degradation of Raman 
gain is less severe than the first-order case. However, the total power required to achieve 
the 15 dB of targeted gain becomes very significant for losses above the 0.30 dB/km 

30 lower Hmit on water peak. This is important since a high power damage phenomenon 
commonly known as the "fiber fuse" can occur in optical fibers that are handled or 
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perturbed while carrying power levels of approximately one watt. It is therefore desirable 
to maintain Raman pumping levels as low as possible to enhance reliability. Although 
the fiber fuse occurs for a wide range of optical power levels, the value of constraining 
water peak to be less than 0.4 dB/km can readily be appreciated, since that Umits the 
5 required total Raman pump power (in this exemplary case, to 75% of the approximately 
one watt value associated with initiation of the fiber fuse). The cost of the higher power 
Raman pump and the associated additional heat dissipation loads are, of course, 
undesirable in any case. 

[0043] From the examples of first-order Raman pumping in the lower S-band or 

1 0 second-order Raman pumping in the L-band, it is clear that the water peak must be 

minimized in order for optimum application of Raman amplification. The attenuation at 
1385 nm should be as low and as stable as possible from fiber to fiber in order to enable 
system engineers to design to known conditions. While it is obvious that lower is better, 
a practical balance must be maintained between what can be commercially achieved and 

1 5 what is ideal. It is well accepted that the VAD method can readily produce commercial 
matched clad fibers with water peaks below 0.31 dB/km, although there are special 
challenges to fabricating low slope NZD fibers with this method. It is non-trivial to 
match this limit with commercial MCVD fibers for a variety of reasons. However, the 
exemplary calculations above show that a water peak limit of 0.4 dB/km restricts 

20 degradation in OSNR due to pump attenuation to approximately 1 dB for first-order 
Raman pumping (see FIG. 5), while holding the total Raman pump power required for 
second-order Raman amplification to 75% of the one watt level where high power 
nuisance effects are known to occur. A 0.4 dB/km limit is also sufficient to limit the 
design margin in Raman pump power to less than 25% so as to reduce the costs 

25 associated with over-specifying laser diodes. 

[0044] Therefore, an optical fiber for SCL band operation is defined in 

accordance with the present invention as a fiber which has both the appropriate 
dispersion curve to avoid FWM for signals and Raman pumps, and which has a water 
peak loss less then 0,4 dB/km (and preferably lower) to prevent OSNR degradation, high 

30 pump power costs and high power damage phenomena. 
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[0045] FIGs. 7-9 illustrate the refractive index profiles of three exemplary fibers 

exhibiting the desired characteristics of the present invention. The y-axes show units of 
relative delta, which is defined as (n(r) - nciad)/nciad). The standard radius of an optical 
fiber is 62.5 microns. In particular, fibers that exhibit an acceptable bending loss will 
5 have an effective area in the range of 50-65 |im^. The fiber shown in FIG. 7 has an 

effective area of 55 square microns, dispersion of 9 ps/nm/km, slope of 0.033 ps/nm^/km, 
and an RDS of 0.0037/mn, all at a wavelength of 1550 nm. The fiber of FIG. 8 has an 
effective area of 55 square microns, diispersion of 8 ps/nm/km, a slope of 0.027 ps/nm^ 
km, and an RDS of 0.0033/nm, again at a wavelength of 1550 nm. The fiber of FIG. 9 

1 0 has an effective area of 60 square microns, dispersion of 9 ps/nm/km, a slope of 0.035 
ps/nm^/km and an RDS of 0.0038/nm, all at 1550 nm. The fiber if FIG. 7 has a fiber 
cutoff less than 1275 nm, implying a cable cutoff that is 50 to 75 nm lower than still The 
fiber of FIG. 8 has a cutoff less than 1300 nm, also implying a cable cutoff less than 50 to 
75 nm. The fiber of FIG. 9 has both fiber and cable cutoffs below 1200 nm. Thus, all are 

1 5 compatible with 1 3 1 0 nm trmismission, including cutoff and dispersion requirements. In 
all cases, the properties of the optical fibers produced using these preforms fall within the 
following prescription: 

water peak loss (WPL) at 1385 nm less than 0.4 dB/km in all cases, and in 
particular maintained less than or equal to 0.325 dB/km by fabricating the core region 

20 using the VAD or outside vapor deposition (OVD) processes; 

zero dispersion wavelength (ZDW) less than or equal to 1355 nm (only one ZDW 
across entire transmission band firom 1310 to 1625 nm); and 

chromatic dispersion (D) greater than 1 ps/nm-km at 1375 nm and less than 10 
ps/nm-km at 1565 nm. 

25 [0046] The illustrated optical fiber profiles generally comprise five separate 

regions. Referring to FIG. 7, the regions are defined as central core region 30, trench 
region 32, ring region 34, depressed cladding region 36 and outer cladding region 38. 
The fiber of FIG. 8 illustrates a similar profile. Central core region 30, which extends 
outward firom the center to a radius defined as "a", exhibits a raised index of refi-action 

30 with respect to the remaining regions of the fiber. The core region 30 and ring region 34 
will typically comprise germanium-doped siUca, while trench region 32 and depressed 
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cladding region 36 will typically comprise fluorine-doped silica. It is to be understood 
that trace amounts of other dopants (such as, among others, Ge, F, Ti, Al or P) may be 
incorporated into one or more of the regions to attain certain advantages in processing or 
properties. Synthetic tubing used as substrates or overcladding tubes may be fluorine 
5 doped to contributed to forming depressed cladding region 36. Tubing may also contain 
CI, consistent with processing methods used in production, where the CI may induce 
small but incidental variations in index. Fabrication of regions 30, 32, 34 and 36 is 
generally completed as an intermediate step in perform manufacture; formation of region 
38 is the actual overcladding step and may be accomplished by a rod-in-tube or soot 

1 0 deposition method. 

[0047] In accordance with one embodiment of the present invention, the desired 

attenuation at the water peak of 1385 nm (i.e., a low water peak on the order of 0.3 1 
dB/km) is achieved by forming core region 30 and trench region 32 using a vapor-axial 
deposition (VAD) process. See, for example, US Patent 6131,415 (herein incorporated 

15 by reference) for a complete description of using a VAD process to form an optical fiber 
exhibiting low water peak loss at 1385 nm. All else being equal, VAD (or OVD) glass 
has the inherent advantage over MCVD glass of having an explicit dehydration step 
between soot deposition and sintering. Although the deposited soot is initially very "wet" 
due to the oxy-hydrogen flame in VAD or OVD, subsequent dehydration in CI2 renders 

20 the core material dry enough to exhibit a water peak consistently only 0.005 to 0.010 

dB/km above the Rayleigh scattering background, corresponding to OH concentration of 
a fi-action of a ppb. No hydrogen source is purposely present during the deposition of 
MCVD soot. However, trace hydrogen impurities that are present are immediately 
sintered into the glass structure with no additional dehydration step. The MCVD 

25 substrate tube - if less dry than the deposited material - may also contribute OH 

concentration which significantly overlaps the optical power distribution. As a result, 
there is a net advantage in using VAD or OVD glass to form regions 30 and 34, where 
approximately 98 - 99% of the optical power resides. However, the VAD/OVD process 
is not adept at forming an additional layer of up-doped (e.g., germanium-doped) material 

30 (such as ring region 34) outside the trench region 32 without resorting to schemes that 
compromise the advantage of ultra-dryness as described above. 
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[0048] Therefore, ring region 34 and depressed cladding region 36 are preferably 

formed separately, using a conventional MCVD process, and outer cladding region 38 
may be supplied via a tube overcladding process. FIG. 10 illustrates the two separate 
preform sections, a first preform section 40 comprising core region 30 and trench region 
5 32, and a second preform section 42 comprising ring region 34, depressed cladding 
region 36, and outer cladding 38. The interface between the two separate performs 
sections 40 and 42 is formed in a chlorine (or fluorine) atmosphere (or a mixture of 
chlorine and fluorine, or some other appropriate atmosphere), resulting in the formation 
of an ultra-dry interface to avoid adding OH attenuation at 1383 nm from the step of 

10 mating the VAD inner core to the MCVD outer core. A desirable variation on this 

method is to use high purity, doped, synthetic silica tubes to form regions 34 and 36, and 
form interfaces between regions 34 and 36 in a chlorine (or other ultra-dry) atmosphere. 
It is to be understood that a chlorine or fluorine atmosphere is supphed at high 
temperature by thermal breakdown of various chemicals containing CI or F atoms, 

15 including CI2, CF4, C2F6, CCI4, SiF4 or SFe, which may be used alone or in concert. 

[0049] It is to be understood that the above-described process is exemplary only 

and various other processes exist that are capable of forming a fiber with the desired low 
water peak loss characteristic. In particular, slightly higher median water peaks in the 
range of 0.325 - 0.34 dB/km (low enough to gain the advantages described above) can be 

20 achieved in standard MCVD core fabrication if the MCVD process is practiced with 
diUgent attention to some or all of the following issues: use of ultra low water synthetic 
siUca substrate tubes, forming a large deposited outer cladding, use of feedstock gases 
with ultra-low H impurities, high integrity of the chemical deUvery systems, highly 
effective seals and rotary couplings between the MCVD lathe and substrate tube, and use 

25 of a furnace heat source for deposition and/or collapse. Treatment of fibers with 

deuterium, either in preform or fiber stage, prevents subsequent elevation of 1385 nm 
loss by several hundredths, due to hydrogen exposure during cabling or other 
environmental sources. Such a procedure would likely be necessary to reaUze the full 
potential of the present invention, regardless of the particular fabrication process. As 

30 mentioned above, an OVD process may be used in Heu of the VAD process in most 
circumstances. 
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[0050] In summary, the present invention provides a non-zero dispersion shifted 

fiber that combines a low water peak attenuation value with a properly located zero 
dispersion wavelength to provide for S-band amplification without adversely affecting 
the transmission or amplification of signals operating in either the C-band or L-band 
regions. The very low water peak attenuation is considered necessary as an adjunct to 
having the zero dispersion wavelength in the proper location since Raman pumps useful 
for S-band signals will have a pxmip source "sitting on" the water peak wavelength of 
1385 nm. Unless the water peak value is tightly controlled, as is accomplished in 
accordance with the present invention, Raman amplification for S-band signals will be 
both inefficient and variable, and therefore suffer degradation in system performance.. 



19 



